candidates for photonic applications (e.g. light emitting diodes, [1] [2] [3] or photovoltaics [4] [5] [6] [7] ) or fl exible electronics. [ 8 ] Multiple QDs in a conjugated polymer nanoparticle have been suggested as bright redemitting probes for biological imaging, [ 9 ] whereas polymer particles containing single QDs are of particular interest for quantum photonic applications. The latter benefi t from an increase in the long-term stability of the embedded QD. [ 10 ] In particular, our motivation is to synthesize nanoparticles from a combination of CdSe QDs with polyfl uorene (PF) [ 11 ] as the conjugated polymer, with the long term aim of a controlled generation of singlycharged colloidal QDs. This would be an ideal system for quantum optical experiments where the individual addressability and manipulability [ 12 ] of singly charged pure two-level systems is needed. [13] [14] [15] [16] Currently, the synthesis of hybrid particles remains a challenging task and most approaches are based on ligand exchange procedures. That is, organic ligands, employed during the quantum dot synthesis, are subsequently replaced by the actually desired functional ligands. [ 17, 18 ] For example the synthesis of polyfl uorene-functionalized CdSe/ZnS QDs by replacing pyridine ligands with polyfl uorene derivatives with amino-functionalized side chains has been reported. [ 19 ] However, the ligand exchange is accompanied by disadvantages such as incomplete replacement of the original ligands, surface oxidation and a reduction in quantum yield. [ 20 ] In order to avoid the need for a ligand exchange, one can use functionalized ligands during QD synthesis combined with a subsequent "grafting from" or a "grafting onto" [ 21 ] approach by polymerizing from-or attaching a pre-synthesized polymer to the QD surface. An example for the "grafting from" strategy was reported by Emrick et al. where a bromine functionalized ligand was used during QD synthesis. Subsequent oligomerization yielded CdSe QDs decorated with oligo( p -phenylen-vinylen) tri-and tetramers as ligands. [ 20 ] An unresolved issue, however, in all these studies is whether and to what extent the conjugated polymer is actually attached to the inorganic portion. This is due to the shortage of appropriate analytics which directly address the particles in liquid dispersion. For example, conventional transmission electron microscopy as a well-established technique involves sample preparation by drying on a grid. Solutes which are not attached , M w /M n < 1.2) with a single amine or phosphonic acid, respectively, end-group. High temperature synthesis of cadmium selenide quantum dots with these functionalized polyfl uorenes as stabilizing ligands yields hybrid particles consisting of good quality (e.g. emission full width at half maximum of 30 nm; size distribution σ < 10%) inorganic nanocrystals with polyfl uorene attached to the surface, as corroborated by transmission electron microscopy analysis and analytical ultracentrifugation. Sedimentation studies on particle dispersions show that a substantial portion (ca. half ) of the phosphonic acid terminated polyfl uorene ligands is bound to the inorganic nanocrystals, versus ca. 5% for the aminofunctionalized polyfl uorene ligands. Single particle micro-photoluminescence spectroscopy shows an effi cient and complete energy transfer from the polyfl uorene layer to the inorganic quantum dot.
Introduction
Hybrid nanoparticles comprised of inorganic semiconductor quantum dots (QDs) and organic semiconductor conjugated polymers have recently gained considerable interest. They allow for processing to highly disperse organic/inorganic composite bulk materials, which are diffi cult to access otherwise. Due to a possible charge transport and separation at the organic/inorganic semiconductor interface, these composites are interesting to the inorganic particles in the original dispersion nonetheless will often accumulate on the particles during sample preparation by capillary forces.
Here we report a novel approach to produce hybrid particles directly by the high-temperature synthesis of inorganic semiconductor quantum dots in the presence of conjugated polymer ligands. Monofunctionalized polyfl uorene required for this purpose is generated by living polymerization from amino and phosphonate functionalized initiators. Binding of these tailored polyfl uorenes to the inorganic nanocrystals is elucidated by analytical ultracentrifugation.
Results and Discussion
Controlled Suzuki-Miyaura coupling polymerization was used for the synthesis of functionalized polyfl uorenes, as fi rst reported by Yokozawa et al. in 2007. [ 22 ] For this living polymerization technique, a T-shaped Pd(II) complex, carrying a phosphine, a bromine, and a phenyl ligand, is used as an initiator. After polymerization, the phenyl ligand ends up at every polymer chain-end. [22] [23] [24] [25] The power of this method for generating functional end-groups was recently demonstrated by us by using T-shaped Pd(II) complexes as initiators carrying protected hydroxyl-functions at the phenyl ligand, leading to hydroxyl-functionalized polyfl uorenes after a consecutive deprotection step. [ 26 ] However, the hydroxyl functionality reported in this prior work is unsuitable for the interaction with the surface of inorganic CdSe semiconductor quantum dots, as required for the approach pursued here. For this reason, T-shaped Pd(II) complexes featuring amine and phosphonic acid functional groups in a protected form were synthesized and used as initiators for the living Suzuki-Miyaura coupling polymerization ( Scheme 1 ).
To avoid side reactions during initiator synthesis as well as during the polymerization procedure, the amine functionality was protected with the tert -butyloxycarbonyl (BOC) protecting group and the phosphonic acid functionality was introduced as a diethylester. These protecting groups were chosen because of their stability under the basic polymerization conditions and their ability for a straightforward removal by heating. The initiator complexes were synthesized by oxidative addition of an excess (3 equiv.) of the respective aryl bromides to [Pd(P t Bu 3 ) 2 ] in butanone at 75 °C. Both complexes were isolated and purifi ed by precipitation in pentane after removal of butanone with yields of 71 % and 46 % for initiator 1 and 2 , respectively and characterized by 1 H-NMR-and 31 P-NMR spectra, elemental analysis and ESI-MS spectra (cf. Supporting Information, SI). Both complexes effectively initiate the polymerization of 7′-bromo-9′,9′-dioctyl-fluoren-2′-yl-4,4,5,5-tetramethyl- [1, 3, 2] dioxaborolane ( 3 ), leading to the respective BOC-protected amino-, or phosphonic acid diester-functionalized polyfl uorene with narrow molecular weight distribution (M w /M n < 1.2) and molecular weight (M n ) of 4 × 10 3 g mol −1 respectively, underlining the controlled character of the Suzuki-Miyaura coupling polymerization. MALDI-TOF mass-and 1 H-NMR spectra clearly evidence that every polymer chain is terminated with the respective aryl moiety from the applied initiators, indicating an effective initiation of the polymerization by complexes 1 and 2 (SI).
According to MALDI-TOF mass spectra, the terminal ends of the polyfl uorene chains are substituted by hydrogen with only small amount of polyfl uorene chains with bromine endgroups (<10%) (SI). Quenching with concentrated HCl during work-up of the polymerization mixture already resulted in a partial deprotection (≈20%) by cleavage of the BOC group in case of the polymerization initiated by complex 1 (SI). For complete removal of the BOC protecting group, the polyfl uorene was heated under reduced pressure to 190 °C, resulting in a loss of isobutene and carbon dioxide and the formation of the amine functionality. Likewise, phosphonic acid terminated polyfl uorene was obtained by heating to 240 °C under reduced pressure resulting in a loss of ethylene (Scheme 1 ). Complete deprotection in both cases was confi rmed by MALDI-TOF mass ( Figure 1 ) and 1 H-NMR spectra (SI). 1 H-NMR spectra showed the functionalized fl uorenes to be stable at temperatures of 240 °C over 10 minutes, as no changes could be observed.
Cadmium selenide nanocrystals were prepared by a hot injection [ 27 ] approach at a temperature of 240 °C. From intensive studies of such syntheses aiming at the control of optical quality via nanocrystal sizes and size distribution, protocols employing oleyl amine and alkylphosphonic acids as stabilizing ligands have been found empirically. [ 10, 28, 29 ] For the synthesis of hybrid particles, the functionalized polyfl uorene ligands were directly added to the synthesis of the CdSe QDs, partially replacing oleyl amine or dodecylphosphonic acid. However, oleyl amine could not be replaced by the amino-functionalized polyfl uorene stoichiometrically, as oleyl amine is used in a large excess and a corresponding molar amount of polyfl uorene is insoluble in the reaction mixture. Therefore, QDs were synthesized using oleyl In the above studies, the polyfl uorene ligand will compete with the other ligands present, oleyl amine and dodecylphosphonic acid, for coordination sites at the QD surface. It must be assumed that the steric demand of the poly fl uorene hinders its binding vs. the other ligands. Additionally, it is presumed that phosphonic acids can bind covalently to the surface of CdSe QDs, whereas amines bind via a weaker coordinative interaction. [30] [31] [32] From these considerations, we anticipated that the amount of bound polyfl uorene should be increased by employing the stronger binding phosphonic acid and by reducing the amount of competing ligands. Thus, the dodecylphosphonic acid was replaced by PF-C 6 H 4 -P(O)(OH) 2 (0.01 equiv. with respect to the original amount of dodecylphosphonic acid) in order to favor the probability of binding of the functionalized polyfl uorene to the QD surface. Again, dodecylphosphonic acid could not be replaced stoichiometrically by the respective functionalized polyfl uorene ligand due to solubility issues in the reaction mixture. TEM images of QDs synthesized with oleyl amine and phosphonic acid functionalized polyfl uorene used as ligands ( QDs((HO) 2 (O)P-C 6 H 4 -PF) ) indicate a somewhat broader distribution in size and shape and a smaller mean diameter (Figure 2 , TEM image c); mean diameter: 3.7 nm, σ = 0.65 nm), as compared to QDs synthesized with oleyl amine and dodecylphosphonic acid used as ligands ( QDs ref , Figure  2 , TEM image b); mean diameter: 4.3 nm, σ = 0.42 nm). Again, these observations are corroborated by optical spectroscopy, where the broader size distribution is confi rmed by an increase of the fl uorescence emission band width to 48 nm FWHM, while the smaller mean diameter is confi rmed by the blue shift of the emission wavelength by 25 nm with respect to the QDs ref (Figure 3 , dotted curve) .
Note that due to the absorption of polyfl uorene at the excitation wavelength of the QDs and possible QD absorption of polyfl uorene fl uorescence, it is not possible to quantify quantum yields of the hybrid particles from these experiments. However, the fl uorescence spectra demonstrate that the synthesis of CdSe QDs with functionalized polyfl uorenes used as ligands leads to fl uorescent QDs (Figure 3 , solid and dotted curve), thus indicating reasonably high quantum effi ciency of the emitters.
To elucidate whether the conjugated polymer and the QDs are indeed bound to each other as hybrid particles, or form a simple physical mixture with non-bound polyfl uorenes, the nanoparticle dispersions were subjected to analytical ultracentrifugation using a specialized multi-wavelength detector which is able to detect UV/Vis spectra for all species which are separated in the centrifugal fi eld (MWL-AUC). [ 33, 34 ] Due to the large difference in mass and density, particles containing QDs will sediment in the gravitational fi eld at a lower rotational speed than any non-bound polyfl uorene chains. The different optical absorption spectra of polyfl uorene and QDs (SI) allow for tracking of the sedimentation dynamics of both species simultaneously by time-resolved multi-wavelength absorption measurements. Spectral analysis was performed at wavelengths of 380 nm and 290 nm. At 290 nm, the QD absorption is considerably higher as compared to absorption in polyfl uorene, thus contribution of the latter can be ignored at this wavelength ( Figure S10 ). At the same time, contribution of the QDs to the absorption at 380 nm is not negligible, but can be subtracted employing Lambert-Beer's law. Absorption spectra ( Figure 4 ) of these hybrid particle dispersions are most instructive at three different points in time: before (scan 1; a), during (scan 40; b) and after centrifugation (scan 100; c). Initially, a homogeneous distribution is observed throughout the measurement cell (for complete data refer to Supporting Information). During centrifugation, however, a sedimentation shift to higher radii is observed for both QDs and part of the polyfl uorene. After complete sedimentation of the QD-containing particles, no QD absorption is detected in the measurement cell and also polyfl uorene absorption is reduced signifi cantly throughout the entire measurement cell. The simultaneous sedimentation of QDs and a signifi cant part of the polyfl uorene during centrifugation confi rms the formation of hybrid nanoparticles with direct attachment of the polyfl uorene to the QD surface. In the case of QDs synthesized using oleyl amine, dodecylphosphonic acid and amino-functionalized polyfl uorene as ligands ( QDs(H 2 N-C 6 H 4 -PF) ), we estimate that 5% (SI) of the polyfl uorene applied is attached to the QD surface under the conditions of AUC (highly diluted). By contrast, in case of the hybrid particles obtained by using only oleyl amine and phosphonic acid functionalized polyfl uorene as ligands in the particle synthesis ( QDs((HO) 2 (O)  P-C 6 H 4 -PF) ), 45% of the polyfl uorene applied is attached to the QDs. The observation of a much higher degree of functionalization in case of the QDs((HO) 2 (O)P-C 6 H 4 -PF) hybrid particles is consistent with the fact that there are less competing ligands present during the synthesis and the more strongly binding character of the phosphonic acid functionality used as an end-group.
We emphasize that strongly diluted solutions were used for AUC measurements to achieve manageable absorption depth of the solution, in agreement with the validity of Lambert-Beer analysis. The amount of bound polyfl uorene is likely underestimated by the AUC measurement as any dissociation of bound polyfl uorene from hybrid particles will be favored by high dilution, this appears particularly relevant for the more weakly coordinatively bound amino-functionalized polyfl uorene. [ 31 ] In addition to the above ensemble measurements, the optical quality of single hybrid nanoparticles was studied by micro photoluminescence spectroscopy. To ensure the observation of single particles, a highly diluted solution of hybrid particles ( QDs(H 2 N-C 6 H 4 -PF) ) in toluene was spin coated onto a fused quartz substrate. This procedure enables a spatial separation of QDs with attached amino-functionalized polyfl uorene ligands from the remaining fi lm of nonbound polyfl uorene ligands. Illumination of a wide area on the sample surface with a continuous wave diode laser at a wavelength of 405 nm ensures the excitation of the hybrid particles and of non-bound polyfl uorene ligands. Depending on whether the sample surface is covered only with polyfl uorene or a single QD, different luminescence signatures were observed. Figure 5 depicts a typical image of the sample surface spectrally and spatially resolved via an imaging spectrometer and an electron-multiplying CCD camera. Narrow-band emission of a single QD is observed at 575 nm, in contrast to broadband emission of the remaining polyfl uorene ligands with a maximum at 490 nm. The measurement reveals strong quenching of the polyfl uorene emission in the surrounding of the QD, alluding to effi cient energy transfer from the polyfl uorene to the QD.
By comparing the spectra at the position of the QD and of the surrounding polyfl uorene ligand fi lm ( Figure 5 ), we deduce a quenching effi ciency on the order of 7%. From the ratio of the areas of the emitting regions, we estimate that polyfl uorene emission is completely (100%) quenched in a radius of approximately 120 nm around the QD center. This clearly points out that the attachment of polyfl uorene ligands to a colloidal QD does not lead to additional background emission by the former, rendering this method an ideal candidate for the synthesis of charged QDs for quantum optical applications.
Furthermore, we observed that suffi cient increase of the pumping power leads not only to an increase of QD emission but is also accompanied by a fast photochemical bleaching of non-bound polyfl uorene ligands. Finally, Figure 6 depicts the time evolution of the QD spectrum exhibiting characteristic blinking behavior of a single QD ( QDs(H 2 N-C 6 H 4 -PF) ). The bright emission from a single QD with a FWHM of 25 nm at room temperature does not only indicate a high quality of the nanoparticle but also directly proves the small level of inhomogeneous broadening when compared with the ensemble measurements in Figure 2 and in Figure 3 . The on/off ratio in blinking dynamics is also favorable and yet another indication of the high quality of the nanoparticles prepared. 
Conclusion
Hybrid particles composed of an inorganic semiconductor nanocrystal with a shell of organic semiconductor ligands can be accessed directly by high temperature synthesis. Required functionalized fl uorenes with amine or phosphonic acid end-groups suited for binding to the inorganic interface are accessible with high precision by a controlled Suzuki-Miyaura coupling polymerization with novel three-coordinated Pd(II) complexes as initiators. High optical quality quantum dot hybrids with narrow emission bands and bright emission are obtained. This is remarkable, considering that the established syntheses of quantum dots are highly optimized in an empirical fashion and are known to be very sensitive to small variations. At the same time, the hybrid particle dispersion possesses a high degree of colloidal stability. Analytical ultracentrifugation provides a rare quantitative insight into the extent of binding of the organic ligands to the nanocrystals in solution. For phosphonic acid functionalized polyfl uorene, a substantial part (ca. half) of the ligand introduced in the nanocrystal synthesis indeed is bound tightly to the inorganic core. This effi cient binding vs. aminofunctionalized polyfl uorene (ca. 5% bound) can be related to a covalent nature of the phosphonic acid-CdSe interaction vs. a coordinative binding of amine. Single particle photoluminescence reveals an effi cient energy transfer from the polyfl uorene layer to the quantum dot and underlines low inhomogeneous broadening of the optical emission. Further studies aiming at a single electron transfer from the bound polyfl uorene ligand to the inorganic nanoparticle are in progress.
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